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STUDY QUESTION: What are the systemic molecular profiles of endometriosis diagnosed in adolescents and young adults?

SUMMARY ANSWER: Significant enrichment and increased activation of proteins related to angiogenesis and cell migration pathways
were observed in endometriosis cases compared to controls (P-value< 2.4� 10�8).

WHAT IS KNOWN ALREADY: Little is known about the pathophysiology of adolescent endometriosis despite the fact that over 50%
of adults with endometriosis report onset of severe pelvic pain during adolescence.

STUDY DESIGN, SIZE, DURATION: A cross-sectional analysis using data on 142 laparoscopically confirmed endometriosis cases and
74 controls from the observational longitudinal cohort of Women’s Health Study: From Adolescence to Adulthood (A2A).

PARTICIPANTS/MATERIALS, SETTING, METHODS: We measured 1305 plasma protein levels using the validated, multiplex
aptamer-based proteomics discovery platform, SOMAscan. We calculated odds ratios and 95% CIs using logistic regression adjusting for
age, BMI, fasting status and hormone use at blood draw for differentially expressed proteins (P< 0.05). Ingenuity Pathway Analysis and
STRING analysis were performed to identify biological pathways and protein interactions. We also examined proteins and pathways asso-
ciated with superficial peritoneal lesion colors (i.e. red, vascularized, white, blue/black, brown).

MAIN RESULTS AND THE ROLE OF CHANCE: Average age at blood draw was 18 years for endometriosis cases and 22 years for
controls. We identified 63 proteins associated with endometriosis with type-I error set at 0.05, and absolute fold change >1.2, revealing
significant enrichment of dysregulated proteins in biological pathways associated with endometriosis. Increased activation of pathways re-
lated to angiogenesis and cell migration was observed in plasma from endometriosis cases compared to controls (P-value< 2.4� 10�8).
Furthermore, when we examined proteins and pathways associated with lesion colors, vascularized lesions were associated with upregula-
tion of pathways related to immune cell migration/activation and inflammation, whereas white, blue/black and brown lesions were associ-
ated with downregulation of these pathways.

LIMITATIONS, REASONS FOR CAUTION: Validation of our results in independent datasets and mechanistic studies are warranted
to further our understanding of the pathophysiological characteristics of this common but understudied patient population.

WIDER IMPLICATIONS OF THE FINDINGS: To our knowledge, this was the first study to comprehensively examine circulating
proteins in predominantly adolescents and young adult women with and without endometriosis. Results from this study provide novel
biological insight that will build toward further research to elucidate endometriosis pathophysiology during the earlier course of the disease
trajectory.
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Introduction
Endometriosis is a chronic inflammatory disorder associated with se-
vere pelvic pain and infertility, estimated to affect about 10% of
reproductive-aged women, corresponding to an estimated 200 mil-
lion women and girls worldwide (Adamson et al., 2010; Zondervan
et al., 2018, 2020). It is characterized by the presence of
endometrial-like tissue outside the uterus that responds to hor-
monal cues (Zondervan et al., 2020). Endometriosis has been
reported to be associated with a proinflammatory response
(Drosdzol-Cop and Skrzypulec-Plinta, 2012; Kianpour et al., 2012;
Jiang et al., 2016; Mu et al., 2018). Inflammatory cytokines, including
interleukin-1b (IL-1b), interleukin-6 (IL-6), tumor necrosis factor-a
and C-reactive protein, are elevated in the peritoneal fluid and pe-
ripheral blood of women with endometriosis compared to controls
(Drosdzol-Cop and Skrzypulec-Plinta, 2012; Kianpour et al., 2012).
However, these studies predominantly include adults, resulting in a
lack of knowledge about molecular profiles associated with endome-
triosis diagnosed during adolescence and young adulthood.

It is possible that endometriosis diagnosed in adolescence may
have a different molecular phenotype than endometriosis diagnosed
in adulthood, given the differences in clinical presentation.
Endometriosis diagnosed in adolescents and young adults typically
presents with severe pelvic pain and superficial peritoneal lesions,
while endometriosis diagnosed in adults is most often also charac-
terized by pain and superficial lesions, but also presents with infertil-
ity and deep fibrotic lesions (Shah and Missmer, 2011; DiVasta
et al., 2018; Shafrir et al., 2018). Furthermore, we recently reported
that plasma CA125 levels, which are elevated in endometriosis diag-
nosed in adults, were not elevated in adolescent endometriosis
(Sasamoto et al., 2020a). Elucidating molecular profiles associated
with endometriosis diagnosed in adolescents and young adults will
provide new information about the pathophysiology during the ear-
lier course of the disease trajectory. Therefore, the objective of this
study was to examine plasma protein markers in adolescents and
young adults with and without endometriosis and investigate biologi-
cal markers and pathways associated with endometriosis diagnosed
in this young population.

Materials and methods

Study population
The Women’s Health Study: From Adolescence to Adulthood
(A2A) is a US-based longitudinal cohort that enrolled participants
from 2012 to 2018. Details of the study have been described

previously (Sasamoto et al., 2020b). Briefly, laparoscopically con-
firmed endometriosis cases were identified from two academic hos-
pitals in Boston, MA, USA. Controls were recruited from clinics at
these two academic hospitals as well as from the local community
they served through local advertisement, online postings and word
of mouth. Of the 1839 eligible people approached, 1569 (85%)
consented to join the study. Participants completed a baseline ques-
tionnaire at enrollment that was expanded from the World
Endometriosis Research Foundation Endometriosis Phenome and
Biobanking Harmonization Project (WERF EPHect) standard clinical
questionnaire (Vitonis et al., 2014), which consists of demographic,
behavioral and reproductive characteristics, as well as details on pel-
vic pain, treatment regimen and medication use. An EPHect compli-
ant surgical form was used to collect operative data for each
endometriosis case. Information collected on the surgical form in-
cluded hormone use at time of surgery, revised American Society
for Reproductive Medicine (rASRM) score and superficial peritoneal
lesion colors (Becker et al., 2014).

Blood samples were collected at baseline, and plasma aliquots were
stored at ��80�C following the standard protocols of WERF EPHect
fluid biospecimen collection (Rahmioglu et al., 2014) with one excep-
tion—bloods were centrifuged at 1790�g for 10 min. At time of blood
collection, a biospecimen questionnaire was completed by the partici-
pants assessing information including date of last menstrual period, tim-
ing of last food/beverages consumed and recent medication use
including hormones.

Of the 785 endometriosis cases and 764 controls enrolled in the
A2A study, we excluded those who did not complete the baseline
questionnaire (156 endometriosis cases and 81 controls), did not have
a surgery at baseline (172 endometriosis cases), those who had an
endometrioma(s) or deep lesion(s) (9 endometriosis cases), did not
provide blood at baseline (180 endometriosis cases and 177 controls)
or blood not collected within 90 days prior to the surgery (13 endo-
metriosis cases), those whose blood was drawn more than 6 months
from questionnaire completion (19 endometriosis cases and 9 con-
trols) and those missing data on dysmenorrhea or acyclic pelvic pain
(29 endometriosis cases and 41 controls). Due to other future analy-
ses utilizing these samples, we further excluded those who did not
complete the Year 1 questionnaire (54 cases and 176 controls).
Among the remaining 153 cases, we included those with post-surgical
blood samples (89 endometriosis cases) and randomly selected 53 ad-
ditional cases. Among the remaining 280 controls, we selected 74 con-
trols, frequency matching them to the cases on age, race, BMI and
hormone use. As a result, we measured plasma proteins from the
blood sample collected at baseline in 142 endometriosis cases and 74
controls.

Proteomic profiles of adolescent endometriosis 2043
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.Ethical approval
This study was approved by the Boston Children’s Hospital (BCH)
Institutional Review Board on behalf of both BCH and Brigham and
Women’s Hospital. All participants provided written consent for
participation in the study, with parental consent plus participant assent
for participants age <18 years old.

Covariates
Demographic and behavioral characteristics were obtained from the
baseline questionnaire. BMI (kg/m2) was calculated based on self-
reported height and weight and categorized as follows: for participants
aged �20 years: underweight (BMI <18.5 kg/m2), normal weight (BMI
18.5–24.9 kg/m2), overweight (BMI 25–29.9 kg/m2) or obese (BMI
�30 kg/m2) according to World Health Organization criteria (Eveleth,
1996); for participants younger than 20 years, the age- and gender-
specific BMI Z-score was calculated, and participants were categorized
as underweight (Z-score � �2), normal weight (Z-score >�2 to
<1), overweight (Z-score 1–2) or obese (Z-score >2) (Barlow,
2007). Hormone use and fasting status were abstracted from the bio-
specimen questionnaire and reflect the status at time of blood draw.
Dysmenorrhea severity was assessed at baseline using the 11-point nu-
meric rating scale (NRS). Superficial peritoneal lesion colors were
documented by the surgeon and were categorized as having any if the
patient had at least one endometriotic lesion of the color of interest
(e.g. any red, white, blue/black, brown lesion) or if vascularized. For
example, if the endometriosis case had at least one red lesion, the
case was categorized as having ‘any red lesion’. Therefore, individuals
were included in more than one category if they had superficial perito-
neal lesions with different colors. Clear lesions were extremely com-
mon (94%), and given this lack of variation among the cases, was not
explored as a lesion color category.

SOMAscan proteomics assay
In plasma samples (50 ml), we measured relative protein levels in
plasma using the SOMAscan Assay Kit for human plasma 1.3k,
which allows quantification of 1305 proteins simultaneously using highly
selective single-stranded Slow Off-rate Modified DNA Aptamers
(SOMAmer), following the manufacturer’s standard protocol
(SomaLogic; Boulder, CO, USA). Five pooled human plasma controls
and one no-protein buffer control were run in parallel with the plasma
test samples. Sample to sample variability was further controlled by
several hybridization spikes-in controls. This assay has been previously
reported to have high reproducibility and within-person stability over
time (Kim et al., 2018). Quality control, calibration and normalization
of the data were conducted according to the manufacturer’s protocol
as previously described (Hathout et al., 2015). We included 30 blinded
quality control (QC) samples that were randomly distributed among
the participants’ samples. Overall, in the blinded QC samples, 98% of
proteins had intra-batch coefficient of variation (CVs) <25%, 99% had
inter-batch CV <25%; there were no missing protein values.

Statistical analysis
We used logistic regression adjusting for age at blood draw (years),
BMI (underweight or normal, overweight or obese), hormone use at
blood draw (no, yes) and fasting at blood draw (no, yes) to calculate

odds ratios (ORs) and 95% CIs per 1 SD increase in protein levels.
We conducted sensitivity analyses restricting to White race and addi-
tionally adjusting for regular analgesic use. We also conducted sensitiv-
ity analyses stratifying by age at blood sample collection [i.e.
adolescents (age <20 years) versus young adults (age �20 years)] and
pain severity of dysmenorrhea (i.e. NRS <7 versus 7þ). False discov-
ery rate was calculated to account for multiple testing. Fold change of
protein levels was calculated by dividing the mean protein level from
the cases to that of the controls. If this ratio was <1, we inverted the
ratio and multiplied by �1.

To acquire new insights into potential pathophysiological pathways
underlying endometriosis-specific plasma protein signatures, we per-
formed functional category analysis of all dysregulated proteins with a
P-value <0.05 and absolute fold change >1.2 from the logistic regres-
sion analysis using Ingenuity Pathway Analysis (IPA) (QIAGEN,
Redwood City, CA, USA) (Krämer et al., 2013). Additional network
and functional enrichment analysis were performed using the STRING
database version 11.0 for protein–protein functional and physical inter-
actions, the results of which were displayed as a functional network
(Szklarczyk et al., 2019). Interactions were considered with a STRING
confidence score of �0.4 (out of 1.0) garnered from the ‘experimen-
tal’ and ‘databases’ categories. Proteins without associations to other
proteins in the network were removed. A k-means clustering algo-
rithm was performed to select connected proteins (k-means/number
of clusters¼ 6). Functional description of clusters was assigned based
on a manually curated evaluation of enriched KEGG pathway, Gene
Ontology (GO), Reactome, STRING local network clusters terms and
PubMed literature search. All statistical analyses were performed using
SAS/STAT version 9.4 (SAS Institute Inc., Cary, NC, USA); systems
biology analyses were performed using the Ingenuity Pathways
Knowledge Base (Qiagen, Redwood City, CA, USA).

Results
We measured 1305 proteins in plasma samples from 142 laparoscopi-
cally confirmed endometriosis cases and 74 controls. Average age at
blood draw was 18 years for endometriosis cases and 22 years
for controls (Table I). Majority were normal weight (>60%), White
(>84%) and were on hormones at time of blood draw (>70%).
More than half of the endometriosis cases were fasting at blood draw
(68%), whereas only six controls were fasting at blood draw (8%).
Endometriosis cases had superficial peritoneal lesions only with 97%
being rASRM stage I/II at diagnosis, which is a typical clinical presenta-
tion of endometriosis diagnosed in adolescents. Having any clear lesion
was most common (>90%), red lesion was observed in 84%, while
white lesions, blue/black lesions, brown lesions or vascularized lesions
each were observed in about 20–30% of endometriosis cases.

When we compared levels of 1305 individual proteins between en-
dometriosis cases and controls, we identified 63 proteins associated
with endometriosis (Table II: top 10 up- and downregulated proteins;
Supplementary Table SI: all). Compared to controls, 36 proteins were
increased, while 27 were decreased in endometriosis. Interestingly, the
top upregulated proteins included proteins related to systemic iron ho-
meostasis such as ferritin (OR¼ 2.45, CI¼ 1.44–4.17), hepcidin
(OR¼ 1.99, CI¼ 1.29–3.07) and proteins related to angiogenesis such
as angiopoietin-related protein 3 (OR¼ 14.97, CI¼ 2.37–94.75),
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gremlin-1 (OR¼ 3.74, CI¼ 1.48–9.45) and hepatocyte growth factor
(OR¼ 2.58, CI¼ 1.31–5.06). Similar results were observed when we
restricted to White race or additionally adjusted for regular analgesic
use. When we stratified by pain severity of dysmenorrhea (NRS <7
versus 7þ), we observed similar associations in the top proteins.

We further stratified by age at blood sample collection to examine
differences in proteomic profiles associated with endometriosis be-
tween adolescents and young adults. Interestingly, while many of the
proteins showed similar direction of associations in both adolescents
and young adults, there were several proteins that showed difference

in direction of associations, including proteins related to inflammation
such as CTSG (OR¼ 0.78, 95% CI¼ 0.13–4.75 in adolescents and
OR¼ 2.17, 95% CI¼ 1.26–4.05 in young adults) and MMP9
(OR¼ 0.66, 95% CI¼ 0.29–1.54 in adolescents and OR¼ 2.23, 95%
CI¼ 0.14–3.88 in young adults) (Supplementary Table SII).

IPA was performed using the 63 proteins associated with endome-
triosis. Of the top 20 pathways (P-value < 2.4� 10�8), pathways re-
lated to cell movement, leukocyte migration and angiogenesis were
upregulated in endometriosis cases compared to controls (Fig. 1,
Supplementary Table SIII). In contrast, pathways related to cytolysis,
apoptosis and proliferation of immune cells were downregulated in en-
dometriosis cases compared to controls. We performed network and
cluster analysis using the STRING database of functional and physical
protein associations curated across major data repositories. Forty-one
of the 63 proteins formed distinct interacting protein clusters that
were enriched in pathways associated with angiogenesis (e.g. HGF,
ENG, GPC3), cell migration (CD200, PTN, FGF5), oxidative stress
(CAT, PRDX1, PRDX6) and inflammation (MMP9, IFNAR1, CTSG)
and created a complex network, demonstrating that these pathways
are interrelated (Fig. 2).

We further investigated circulating proteins and biological pathways
associated with different superficial peritoneal endometriotic lesion col-
ors (i.e. red, vascularized, white, blue/black, brown). There were 40
proteins associated with having any red lesions compared to having no
red lesions with unadjusted P-value <0.05 (Supplementary Table SIV).
Similarly, there were 40 proteins associated with having any white
lesions, 32 proteins associated with having any blue/black lesions, 39
proteins associated with having any brown lesions and 47 proteins as-
sociated with having any vascularized lesions. When we examined the
overlap of proteins associated with each lesion color, there was very
little overlap among lesion colors (Fig. 3). Furthermore, when we ex-
amined the top pathways associated for each lesion color, having any
vascularized lesions was associated with upregulation of multiple path-
ways related to immune cell migration/activation and inflammation
whereas having any white, blue/black or brown lesions were associ-
ated with downregulation of these pathways (Fig. 4, Supplementary
Table SV). Having any red lesions was associated with upregulation of
pathways related to immune cell activation and inflammation and
downregulation of vascular functions.

Discussion
We conducted a large-scale analysis of the human plasma proteome
and identified proteomic profiles associated with endometriosis in a
population of adolescents and young adults in the A2A study. Several
biological pathways related to angiogenesis and cell migration were
upregulated in endometriosis cases compared to controls.
Furthermore, our analysis examining proteomic profiles by lesion col-
ors revealed key differences in biological pathways of immune cell mi-
gration/activation and inflammation among lesion colors.

Upregulation of angiogenesis pathways were observed in endometri-
osis cases compared to controls in our young population.
Angiogenesis, which refers to the growth of new blood vessels, has
been reported to play a key role in endometriosis development.
Increased levels of biomarkers related to angiogenesis have been ob-
served in peritoneal fluid of adult endometriosis patients (McLaren

......................................................................................................

Table I Baseline characteristics of endometriosis cases
and controls in the Women’s Health Study: From
Adolescence to Adulthood (A2A) cohort (n¼ 216).

Endometriosis
cases

Controls

(n 5 142) (n 5 74)

Age at blood draw, years, mean (SD) 17.9 (4.0) 22.0 (3.0)

BMIa, kg/m2

Underweight 0 (0) 1 (1.4)

Normal 92 (64.8) 49 (66.2)

Overweight 37 (26.1) 14 (18.9)

Obese 13 (9.2) 10 (13.5)

Race

White 128 (90.1) 62 (83.8)

Black 2 (1.4) 2 (2.7)

Asian 0 (0) 7 (9.5)

Other 12 (8.4) 2 (2.8)

Unknown 0 1 (1.4)

On hormones at time of blood drawb 126 (88.7) 54 (73.0)

Fasting at time of blood draw 97 (68.3) 6 (8.2)

Regular analgesic usec 76 (53.5) 16 (21.6)

ASRM stage

Stage I/II 137 (97) NA

Stage III/IV 4 (3) NA

Any clear lesions 133 (93.7) NA

Any red lesions 119 (83.8) NA

Any white lesions 43 (30.3) NA

Any blue/black lesions 34 (23.9) NA

Any brown lesions 35 (24.6) NA

Any vascularized lesions 37 (26.1) NA

Unless stated otherwise values are n (%).
aFor women aged �20 years: underweight (BMI < 18.5 kg/m2), normal weight (BMI
18.5–24.9 kg/m2), overweight (BMI 25–29.9 kg/m2) or obese (BMI � 30 kg/m2)
according to World Health Organization criteria; for those <20 years, the age- and
gender-specific BMI Z-score was calculated, and participants were categorized as un-
derweight (Z-score � �2), normal weight (Z-score >�2 to <1), overweight (Z-
score 1–2) or obese (Z-score > 2).
bAmong hormone users, type of hormones used were for cases: combined birth con-
trol pills (n¼ 83), progestin only birth control pills (n¼ 17), Aygestin (n¼ 17), depo
provera (n¼ 1), ring (n¼ 3), hormonal intrauterine device (n¼ 1), implant (n¼ 2),
more than one type (n¼ 1), unknown (n¼ 1); for controls: combined birth control
pills (n¼ 54).
cRegular use of analgesic medications defined as use at least once a week for a period
of 3 months or longer.

Proteomic profiles of adolescent endometriosis 2045
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..et al., 1996; Taylor et al., 2002). Dense vascularization is often ob-
served in endometriotic lesions and therefore angiogenesis is thought to
play an important role in the development of endometriosis (Laschke
et al., 2011). Furthermore, endometriotic lesions secrete cytokines such
as IL-1b, IL-6 and growth factors such as hepatocyte growth factor
(HGF) and vascular endothelial growth factor (VEGF), which are known
to enhance angiogenesis (Cohen et al., 1996; Lebovic et al., 2000a,b).
Indeed, we observed a significant increase of the important angiogenesis
factor HGF in adolescent endometriosis cases, which has been reported
to be induced by pro-inflammatory cytokines and prostaglandins in the
pelvic cavity of women with endometriosis (Khan et al., 2004; Yoshida
et al., 2004). HGF enhances degradation of the extracellular matrix at
least partially via increasing the expression of metalloproteinases such as
MMP9. In our analyses, we observed that MMP9 was increased in ado-
lescent endometriosis cases, and it has been previously demonstrated
to be increased in serum and ascites of women with endometriosis (Liu
et al., 2015, 2016). HGF and MMP9 were identified as key focus hubs
in our STRING analysis of interactions between the 63 endometriosis-
associated proteins that link to various other protein clusters of the en-
dometriosis protein signature.

Interestingly, pathways related to inflammation, which have been
associated with endometriosis among adults ( Harada et al., 2001;
Lebovic et al., 2001; Jiang et al., 2016; Mu et al., 2018) did not
emerge as associated protein pathways in our analysis. Further, this
lack of association was not due to confounding by analgesic use, as
our main results were similar after additionally adjusting for regular
analgesic use. Therefore, difference in analgesic use between cases
and controls does not explain this null inflammatory pathway obser-
vation. One reason for this observation could be that angiogenesis
may be more important earlier in endometriosis natural history.
A small study among adults reported higher serum VEGF levels in
rASRM stage I/II endometriosis patients compared to stage III/IV
patients as well as controls (Kopuz et al., 2014). Studies using
mouse models reported neutrophils and macrophages as well as se-
cretion of interleukin-10 promoted angiogenesis early in the experi-
mental model endometriosis establishment (Lin et al., 2006; Suen
et al., 2019). Since these adolescent endometriosis patients pre-
sented with severe pelvic pain, our results of angiogenic pathways
being one of the significant pathways could also be reflecting the
upregulation of neuroangiogenesis, which can simultaneously occur

............................................................................................................................................................................................................................

Table II Top 10 positively and negatively associated plasma proteins between endometriosis cases and controls with abso-
lute fold-change>1.2 in the A2A cohort (n¼ 216).

Protein name Entrez gene symbol Fold change OR (95% CI)a Unadjusted P-value FDR

Proteins positively associated with endometriosis

Protein kinase C zeta type PRKCZ 1.20 3.87 (1.80–8.32) 0.0005 0.07

Ferritin FTH1 FTL 1.22 2.45 (1.44–4.17) 0.0009 0.08

Hepcidin HAMP 1.25 1.99 (1.29–3.07) 0.002 0.08

Peroxiredoxin-6 PRDX6 1.38 2.53 (1.40–4.57) 0.002 0.09

Ephrin-B3 EFNB3 1.25 4.47 (1.62–12.32) 0.004 0.12

Angiopoietin-related protein 3 ANGPTL3 1.30 14.97 (2.37–94.75) 0.004 0.12

RNA-binding protein 39 RBM39 1.20 2.52 (1.32–4.81) 0.005 0.14

Gremlin-1 GREM1 1.23 3.74 (1.48–9.45) 0.005 0.14

Hepatocyte growth factorb HGF 1.50 2.58 (1.31–5.06) 0.006 0.15

Cathepsin G CTSG 1.20 1.98 (1.21–3.23) 0.006 0.16

Proteins negatively associated with endometriosis

Glucagon GCG �1.92 0.31 (0.17–0.56) 0.0001 0.07

Endoplasmic reticulum aminopeptidase 1 ERAP1 �1.26 0.44 (0.29–0.68) 0.0002 0.07

dCTP pyrophosphatase 1 DCTPP1 �1.29 0.46 (0.30–0.69) 0.0002 0.07

Glypican-3 GPC3 �1.29 0.47 (0.31–0.71) 0.0003 0.07

cAMP-dependent protein kinase catalytic subunit alpha PRKACA �1.41 0.47 (0.31–0.71) 0.0004 0.07

T-lymphocyte surface antigen Ly-9 LY9 �1.21 0.47 (0.31–0.72) 0.0004 0.07

CD109 antigen CD109 �1.20 0.49 (0.32–0.75) 0.0009 0.08

Endoglin ENG �1.22 0.43 (0.26–0.72) 0.001 0.08

Semaphorin-6B SEMA6B �1.20 0.51 (0.33–0.77) 0.002 0.08

Gamma-enolase ENO2 �1.23 0.53 (0.35–0.79) 0.002 0.09

OR, odds ratio; FDR, false discovery rate.
aAdjusted for characteristics at blood draw—age (years), BMI (underweight, normal, overweight, obese), fasting (yes, no), hormone use (yes, no); per 1 SD increase in protein levels.
bRemoved one outlier measured in a sample from a control.
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with angiogenesis (Teng et al., 2008) and is thought to contribute to
the development of endometriosis-associated pain (Asante and
Taylor, 2011; Machairiotis et al., 2021).

We also observed pathways related to cell migration and invasion
being upregulated in endometriosis. While the etiology of endome-
triosis is still largely unknown, the Sampson theory argues that en-
dometriosis develops through implantation of endometrial cells from
retrograde menstruation (Zondervan et al., 2020). This implantation
theory suggests that cell migration and invasion play an important
role in endometriosis development (Giudice and Kao, 2004; Hull
et al., 2008). Thus, our results are in line with the implantation the-
ory and with prior mechanistic studies (Chang et al., 2013; Li et al.,
2018; Fu et al., 2021). We also observed upregulation of pathways
related to leukocyte migration in endometriosis cases, which is in
line with prior studies reporting enhanced recruitment of immune
cells to ectopic endometriosis lesions (Jones et al., 1998, 2005).
Further, abnormal cell survival in ectopic sites is necessary for endo-
metriosis to develop. Downregulation of apoptosis-related gene ex-
pression and proteins has been observed in endometriotic tissue

(Gebel et al., 1998; Dufournet et al., 2006), which is consistent with
our results showing downregulation of apoptosis pathways in endo-
metriosis patients.

While we could not conduct direct comparison between adoles-
cents versus adults with endometriosis, when we stratified by age at
blood sample collection, we observed some differences in individual
protein associations among our top hits, including proteins related
to inflammation (Khokha et al., 2013; Gao et al., 2018). However,
our study population is oversampled to include a large proportion
of adolescents, and thus the age-defined stratum-specific samples
sizes are small and thus yielded less precise estimates (i.e. wide con-
fidence intervals). Future analyses building on these findings to di-
rectly compare these adolescent/young adult endometriosis plasma
proteomic profiles to samples collected from adults are needed to
further inform similarities and differences by age at sample collec-
tion, time since endometriosis diagnosis, and also by time since
endometriosis-associated symptom onset. Like the A2A cohort,
larger and more diverse longitudinal studies designed to maximize
retention of participants over many years regardless of their clinical

Figure 1. Pathways associated with endometriosis based on 63 proteins with P-value <0.05 and absolute fold-change >1.2 in the
A2A cohort (n 5 216). Biological pathways associated with endometriosis are grouped by the direction of association (i.e. activation z-score) and
presented within group ordered by P-value. Upregulated pathways are denoted by red bubbles and downregulated pathways are denoted by blue
bubbles. Of the top 20 statistically significant pathways, two pathways (morphology of bone and uveitis pathways) were removed due to activation
z-score of 0.0.
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interaction and pelvic pain-related treatment journeys are needed.
Serial biological sample collection measures are essential to ade-
quately quantify the proteomic milieu as it changes across the life
course.

Few studies have examined differences in molecular features by
endometriotic lesion colors (Nisolle et al., 1993; Donnez et al., 1998;
Strehl et al., 2014). One reported strongest vascularization and highest
level of proliferative activity in red lesions and lowest level of prolifera-
tive activity in white lesions (Nisolle et al., 1993). Another study
reported that red lesions have high concentration of VEGF compared
to blue/black lesions (Donnez et al., 1998). We examined systemic
plasma proteomic profiles associated with lesion colors and observed
upregulation of inflammation pathways in red and vascularized lesions
and downregulation of inflammation in blue/black, brown and white
lesions, which is consistent with prior findings. Interestingly, having any
vascularized lesions was associated with upregulation of multiple path-
ways related to immune cell migration/activation and having any white,

blue/black or brown lesions were associated with downregulation of
immune cell migration pathways. Unexpectedly, our result showed
having any red lesions were associated with downregulation of vascu-
larization pathways which was different from prior studies (Nisolle
et al., 1993; Donnez et al., 1998). This difference could be due to
prior studies examining protein expression in the ectopic lesions,
whereas our study compared the systemic proteomic profiles.

Little is known about the pathophysiology of adolescent endometri-
osis despite the fact that over 50% of adults with endometriosis report
onset of severe pelvic pain during adolescence (Nnoaham et al., 2011;
Zondervan et al., 2020). Thus, furthering our understanding on the
molecular profiles of endometriosis diagnosed in adolescents and
young adults is likely to inform pathophysiology of endometriosis dur-
ing the earlier course of the disease trajectory and may indicate poten-
tial new treatment strategies for these young patients. Moreover,
unique blood biomarker profiles of endometriosis patients diagnosed
in this young population may be promising candidates for non-invasive

Figure 2. STRING analysis and visualization of protein–protein interaction clusters (k-means 5 6 clusters indicated by node
color) and relevant pathways associated with endometriosis in the A2A cohort (n 5 216). Protein–protein interaction network was cre-
ated based on the 63 proteins that were significantly associated with endometriosis with unadjusted P-value <0.05 and absolute fold-change >1.2.
Related functional categories are labeled based on proteins with their reported functional involvement in the pathways of angiogenesis (red node),
cell migration (light green node), inflammation (dark green node), oxidative stress response (purple node) and neurogenesis (yellow node). Solid line
represents within-cluster, dashed gray line represents between-cluster interactions. Line thickness indicates strength of data support. Red box indi-
cates major hub nodes.
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..earlier diagnostic markers for endometriosis. While validation of our
results in independent datasets and mechanistic studies are warranted
to further our understanding of the biological mechanism, our current
study is one of the first large studies reporting comprehensive proteo-
mics profiles of endometriosis diagnosed in adolescents and young
adults, shedding light into the molecular profile of this common but
understudied patient population. This study also supports the promis-
ing application of proteomics technology to discover novel proteomic
biomarkers for endometriosis.

Our study has several strengths. This was the first study to com-
prehensively examine circulating proteins in adolescents and young
adult women with and without endometriosis. Although there have
been several studies that conducted untargeted proteomic analyses
to identify circulating proteins that differ between endometriosis
cases and controls (Ferrero et al., 2008; Wölfler et al., 2009; Zheng
et al., 2011; Long et al., 2013; Manousopoulou et al., 2019), we
used a validated proteomic platform showing high reproducibility
and reliability assuring validity of the measurements (Kim et al.,
2018). We used blood samples that were collected and processed
using a standardized protocol, minimizing measurement error due
to pre-analytic blood sample collection factors (Tworoger and

Hankinson, 2006). Another strength of our study is that while many
prior studies compared endometriosis cases to surgical controls
(which would yield null results if the non-endometriosis pathology
that indicated the surgery is also associated with the measured
protein levels or pathways), we included controls who were sam-
pled from the underlying population that gave rise to the endome-
triosis cases (Missmer, 2019). However, our sample size limited
the ability to identify statistically significant individual proteins asso-
ciated with endometriosis after multiple testing correction. We
were also only able to explore any presence of a lesion color and
could not evaluate presence or absence of multiple lesion color
combinations.

In conclusion, we identified circulating proteins and biological path-
ways associated with laparoscopically confirmed endometriosis in ado-
lescents and young adults, revealing molecular characteristics of this
unique patient population. Results from this study suggest angiogenesis
and cell migration pathways may be important biological pathways in
endometriosis diagnosed in adolescents and young adults. Future stud-
ies directly comparing the molecular characteristics of adolescent/
young adult versus adult endometriosis are warranted to reveal dis-
ease pathophysiology during the earlier course of the disease

Figure 3. Venn diagram showing unique and overlapping proteins by lesion colors among endometriosis cases in the A2A co-
hort (n 5 142). There were 40 proteins associated with having any red lesions (red circle), 40 proteins associated with having any white lesions
(black circle), 32 proteins associated with having any blue/black lesions (light blue circle), 39 proteins associated with having any brown lesions
(brown circle) and 47 proteins associated with having any vascularized lesions (yellow circle), with unadjusted P-value <0.05. Entrez gene symbols of
proteins that overlapped between two or more lesion colors are presented.
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..trajectory, implicitly differentiating between endometriosis diagnosed in
adolescence versus adulthood.
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